We present analysis of spectra and Hubble Space Telescope (HST) images of NGC 6543, the Cat's Eye Nebula. Using HST WFPC2 images taken in narrow-band filters isolating Hα and Hβ, we have produced an extinction map towards the nebula, and find that c(Hβ) is low, at ∼0.1, and exhibits only very small spatial variations across the surface of the nebula. Using filters isolating [O III] emission lines, we have produced a temperature map of NGC 6543, accounting carefully for contamination due to continuum emission and other lines within the filter bandpasses. We find that the temperature over most of the nebula is between 7000 and 9000 K, with higher values seen towards the edge of the bright core. The value of t 2 A , the temperature fluctuation parameter, is low at around 0.005 in the central regions.
from optical recombination lines (ORLs) are often higher than those derived from CELs. The two problems are related, with the size of the temperature discrepancy being strongly correlated with the size of the abundance discrepancy (Liu et al. 2001a ). Abundance and temperature discrepancies range from near unity to very large values: in the case of Hf 2-2, the Balmer jump temperature is an order of magnitude lower than the [O III] temperature, and ORLs yield abundances 80 times higher than CELs (Liu 2003) . Peimbert (1967) showed that both discrepancies could be caused by temperature fluctuations within the nebula. The ratios of CEL fluxes to hydrogen lines have an exponential dependence on temperature, and the observed value is thus weighted towards highertemperature regions. Forbidden-line temperature diagnostics will then be overestimated and CEL abundances underestimated. ORL fluxes are much less dependent on physical conditions, and will thus give higher abundances than CELs. However, the large temperature fluctuations needed to reconcile sizable ORL/CEL discrepancies are not predicted by photoionization modelling (Gruenwald & Viegas 1995; Kingdon & Ferland 1995b) . Another difficulty with the temperature-fluctuation scenario is the agreement found, even for nebulae showing large ORL/CEL discrepancies, between abundances derived from optical and infrared CELS: the low excitation energies of infrared (IR) fine-structure lines mean that their emissivities are only weakly dependent on temperature, and in the presence of temperature fluctuations they should give similar abundances to ORLs. For nebulae showing large ORL/CEL discrepancies such as NGC 6153 (Liu et al. 2000) , M 1-42 and M 2-36 (Liu et al. 2001) , IR CELs are found to give similar abundances to optical CELs. Viegas & Clegg (1994) showed that if clumps with n e > 10 6 cm −3
were present in planetary nebulae, the resulting collisional quenching of the [O III] λλ4959, 5007 lines would lead to an overestimated derivation of electron temperature from the nebular-to-auroral transition ratio, and hence underestimated CEL abundances. Further suggestions to explain temperature and abundance discrepancies include heating from shock waves (Peimbert, Sarmiento & Fierro 1991) and abundance gradients (Torres- Peimbert, Peimbert & Peña 1990) . Liu et al. (2000) showed that for NGC 6153, for which ORL abundances are a factor of 10 higher than CEL abundances, empirical models containing cold hydrogen-deficient inclusions within the 'normal' nebula could explain many of the observed spectral features. In this scenario, almost all the ORL emission originates in the cold H-deficient inclusions, while CELs are predominantly emitted by the hot, normal component of the nebula. Wesson, Liu & Barlow (2003) showed that the bright knots seen within the faint envelope of the PN Abell 30 contain extremely H-deficient ionized material at temperatures as low as 500 K. Similar knots could exist unseen in nebulae with higher surface brightnesses, causing the observed temperature and abundance discrepancies. Kingsburgh, López & Peimbert (1996) determined O 2+ /H + abundances in NGC 6543 from both ORLs and CELs, and found that ORL abundances were higher by a factor of nearly four than CEL abundances. To explain this discrepancy they invoked Peimbert's theory of temperature fluctuations and derived a value for the temperature fluctuation parameter t 2 of 0.057, implying temperature variations of 24 per cent within the nebula. Hyung et al. (2001) have used Hubble Space Telescope images in filters isolating [O III] emission to produce a temperature map of NGC 6543. They found that the temperature in the core of the nebula varies between 8000 K near the central star to 14 000 K at the outside. They find evidence for a warm envelope with a temperature of 11 000-12 000 K surrounding the core nebula. We present in this paper a temperature map of NGC 6543 produced from HST images, from which we have determined values for the temperature fluctuation parameter t 2 in the plane of the sky. We also present determinations of abundances from both ORLs and CELs for C, N, O, Ne, S, Ar and Cl from long-slit spectra of the whole nebula. We consider evidence for several possible explanations for the ORL/CEL discrepancy we find.
H S T I M AG I N G

Observations
NGC 6543 was observed by the Hubble Space Telescope as part of the General Observer program 5403. The bright core of the nebula fills most of the Planetary Camera chip of the Wide Field Planetary Camera 2 (WFPC2). WFPC2 images taken in several narrow-band filters were downloaded from the archive. At least two images were taken in each filter, so cosmic rays were removed using the IRAF task CRREJ, which compares each pixel in a set of images and removes any which differ by more than a threshold ratio between images. The images were flux-calibrated using information from the IRAF task BANDPAR. By integrating each image over the area covered by the nebula, the flux can be found. Details of the HST exposures are given in Table 1 .
Interstellar extinction
A map of the interstellar extinction may be produced from the ratio of the images in filters F656N (Hα) and F487N (Hβ). From Storey & Hummer (1995) , the ratio of Hα to Hβ at a temperature of 10 4 K and a density of 1000 cm −3 (reasonable first guesses for the temperature and density of a planetary nebula) is 2.85, and this varies by only 2 per cent for densities a factor of 10 higher and lower, and for temperatures ±2500 K. From the galactic extinction curve of Howarth (1983) , f (Hα) − f (Hβ) = −0.32. Therefore, from the ratio of Hα to Hβ emission, the logarithmic extinction at Hβ, c, can be found:
and c = 1 0.32 log I (Hα)/I (Hβ) 2.85 .
The extinction map produced using this relation shows that the reddening is low, with c(Hβ) averaging 0.10, and exhibits only small spatial variations. Consequently, all images were dereddened using a constant c value of 0.10. 
Total fluxes
In Table 2 we give the total fluxes measured in each filter, normalized to I (Hβ) = 100 and corrected for interstellar reddening. Our value of log F(Hβ) = −9.57 agrees well with previously published values, such as −9.62 (Capriotti & Daub 1960 ) and −9.59 (Kaler 1983) . We note that the flux measured in the F502N image, corresponding to the [O III] λ5007 line is only 2.7 times the flux measured for [O III] λ4959 from our optical scanning spectra from the William Herschel Telescope (WHT) (Section 3.1). Because both these transitions arise from the same upper level, their ratio is independent of physical conditions and depends only on the transition probabilities and wavelengths. Storey & Zeippen (2000) give a theoretical value of 2.98 for this ratio. This 10 per cent discrepancy may point to an error in the absolute flux calibration of the HST data. Dudziak & Walsh (1997) discuss various issues which may affect the flux calibration of WFPC2 images of emission-line objects: the PHOTFLAM header keyword, which is used to convert data numbers (DN) into physical flux units of erg cm −2 s −1 , represents the mean flux density required to produce 1 DN s −1 , i.e. the flux density of a source which is flat in f λ across the filter bandpass. As such, for sources with spectra which are not flat, such as emission-line objects, flux calibration using PHOTFLAM may not be appropriate. Also, filter transmission curves may have changed with time. Dudziak & Walsh (1997) quote revised formulae for the flux calibration of images taken in filters F487N, F502N, F656N and F658N, which account for the nature of emission-line sources. Their formula for extracting F(λ5007) from F502N images gives a total flux 7 per cent higher than our original calibration, still leaving I(λ5007)/I(λ4959) a few per cent lower than expected, and the same as our original flux calibration to within the accuracy of 10 per cent which Dudziak & Walsh claim for the formula.
This uncertainty in the flux calibration of the HST images may result in systematic errors in the temperatures we subsequently derive from them: if the extracted F(λ5007) is too low by 10 per cent, the derived temperature will be too high by approximately 200 K. The temperature diagnostics in Section 8 which compare HST and WHT fluxes will also be affected to a similar degree. However, our analysis of t 2 A will be unaffected.
Temperature map
From the ratio of the images in filters F437N and F502N ([O III] λλ4363, 5007), a temperature map of the nebula can be produced.
The central star is heavily saturated in the F437N images, and its point spread function (PSF) contributes significantly to the observed nebular flux within a radius of 2.5 arcsec. Model PSFs were constructed for the filter using the TINYTIM package, and normalized to the correct flux using unsaturated pixels near the central star in which the stellar flux was dominant. The PSF was then subtracted.
The PSF in the F487N images also affects the inner nebular fluxes, although to a lesser extent, and the PSF was subtracted using the same procedure. In the F502N images, PSF contribution to fluxes near the central star was negligible.
The [O III] λ4363 is weak, and the filter bandpass contains significant nebular continuum emission as well as contributions from Hγ λ4340 and He I λ4388, which must be subtracted. For a temperature of 8000 K and density 5000 cm −3 , I(Hγ ) = 0.466I(Hβ) (Storey & Hummer 1995) . Filter profiles from the IRAF task BANDPAR are used to determine that the transmission of the F437N filter at the wavelength of Hγ is 1.53 per cent of the peak transmission. Therefore, the Hγ contribution to the flux in F437N can be expressed as 0.0071×I(F487N).
The He I λ4388 contribution may be calculated as a fraction of the observed flux in filter F588N, isolating He I λ5876 emission. However, the ratio of this image to the F487N image is essentially constant all across the nebula. The F487N image has a slightly better signal-to-noise ratio than the F588N image, and therefore the correction was made in terms of Hβ from the F487N image only. From Benjamin, Skillman & Smits (1999) , I (λ4388) = 0.00697 × I (Hβ) at 8000 K, while the transmission of the F437N filter at 4388 Å is 33.8 per cent of the peak value. Therefore the contribution of He I λ4388 can be expressed as 0.00235 × I (F487N) We determine the continuum contribution by using theoretical continuum emission coefficients from Brown & Mathews (1970) . We compare the theoretical continuum level with our long-slit spectra (see Section 3.1) and find that a good fit to the observed continuum can be obtained using T e = 8000 K, N e = 5000 cm −3 , and by including 10 8 scatterings of Ly α photons to increase the efficiency of the two-photon emission. Fig. 1 shows our observed spectrum in the region concerned with the theoretical continuum superimposed. Combining the continuum flux expressed in terms of I(Hβ) with the rectangular width of the F437N filter, 31.994 Å, we obtain a continuum flux of 0.0227 × I(Hβ). The total correction applied, accounting for continuum, Hγ and He I λ4388 contaminations, is thus given by Fig . 2 shows the resulting temperature map, displayed as contours overlaid on a negative log scale F502N image. Contours are displayed at intervals of 750 K from 7000 to 10 000 K. Fig. 3 shows the electron temperature along the major axis (position angle 154
• ). The temperature map shows that high temperatures are seen close to the central star, decreasing with greater radial distance. The lowest temperatures of around 7000 K are seen about 9 arcsec from the central star (CS). Just beyond the edge of the bright inner nebula, the temperature appears to rise sharply. The very low signal-to-noise ratio in the HST F437N image, evident in Fig. 4 , means that the reliability of the temperatures derived beyond the bright central regions are suspect. However, studies of the faint outer halo of NGC 6543 by Manchado & Pottasch (1989) and Middlemass, Clegg & Walsh (1989) find higher temperatures there than in the core (16 000 ± 2000 K and 14 700 ± 900 800 K, respectively). Hyung et al. (2001) determined electron temperatures in NCG 6543 from HST images, and found evidence for a warm envelope at temperatures of 11 000-12 000 K surrounding the core nebula. We see no evidence of this warm envelope in our analysis. This difference may arise from different treatment of the F437N images. Hyung et al. do not correct for Hγ and He I λ4388 contamination. We find that these contributions to the flux in F437N are not insignificant, amounting to 16 per cent of the total flux. This is about half the continuum contribution, which is 37 per cent of the total.
The continuum correction of Hyung et al. uses filter widths which differ from those given by the IRAF task BANDPAR which are used here. Also their theoretical continuum does not include the contribution from two-photon emission, which contributes significantly to the observed continuum flux.
The correction of Hyung et al. is made in terms of the F656N image. This may suffer from a small contamination of a few percent from the nearby [N II] λλ6548, 6584 lines. The F487N filter passband contains only a few very weak lines other than Hβ, which would account for a negligible proportion of the flux. Peimbert (1967) showed that in the presence of temperature fluctuations, the exponential dependence of CEL emission will lead to the weighting of CEL emission towards the higher-temperature regions of the nebula. Temperatures derived from forbidden-line abundances will consequently be overestimated, and heavy element abundances from CELs underestimated. In this section we determine the amplitude of temperature fluctuations in NGC 6543 from our temperature map. Peimbert (1967) defined the mean ionic temperature T 0 and the temperature fluctuation parameter t 2 for a given ion as follows: 
Mean-square temperature variations
Following the approach adopted by Rubin et al. (2002) , we assume that there are no temperature variations along the line of sight, and use the following analogous terms for temperature variations in the plane of the sky:
The F437N image suffers from rather poor signal-to-noise ratio (SNR), and to improve the SNR all the images analysed were rebinned 4 × 4 so that the pixel size was 0. 18. We calculated T 0,A and t 2 A for areas defined by ellipses, centred on the CS and with axial ratio of major/minor = 1.30, and position angle 154
• . Integrations were performed over annuli separated by 0.18 arcsec, and also over the whole area interior to each ellipse, excluding the region around the central star. The results of the calculations are shown in Figs 5 and 6.
T 0,A has a value of 8000 K at 3 arcsec from the CS, and falls slowly to around 7000 K at a distance of 10 arcsec from the central star. Beyond this distance it rises again, but the errors in the temperatures further out are quite large due to deteriorating signal-to-noise ratio in the F437N image. The overall value of T 0,A measured for the , and are very small in the brighter parts of the nebula, ranging from 0.002 to 0.008 in the inner 9 arcsec. Exterior to this, somewhat higher values are seen, rising to around 0.05 at 10 arcsec, and over 0.1 beyond this. This rise may be due to noisier data in the fainter outer parts of the nebula. The values of t 2 A determined in the inner regions correspond to temperature fluctuations of 5-9 per cent. Lame, Harrington & Borkowski (1997) previously constructed a temperature map using these HST images, and they found similar results, although they did not correct the F437N image for the contamination of He I λ4388 emission, and their continuum correction was slightly different (0.015F(Hβ) instead of 0.023F(Hβ)). They measured temperature fluctuations of approximately 12 per cent, corresponding to t 2 A = 0.0144.
S P E C T RO S C O P Y
Optical spectrum
NGC 6543 was observed using the ISIS double-armed spectrograph on the 4.2-m WHT telescope at the Observatorio del Roque de Los Muchachos, La Palma, Spain. The observations were carried out on the night of 1996 August 23/24. The data were reduced using the LONG92 package in MIDAS. Wavelength calibration was carried out using a CuAr + CuNe lamp. Spectra covering wavelengths 3600-4400 Å, 4200-5000 Å, 5200-6700 Å and 6500-8000 Å were 
λ-range
Exposure times (s) 3600-4400 2 × 10, 2 × 900 4200-5000 2 × 10, 600, 900 5200-6700 2 × 10, 600, 900 6500-8000 2 × 10, 2 × 900 taken. To avoid saturation of the strongest lines, both short and long exposures were taken in each spectral range. A journal of observations is given in Table 3 . The spectrograph slit was driven uniformly across the surface of the nebula, thus yielding spectra which, when combined with the Hβ flux measured from the HST images, give integrated fluxes over the whole nebula. The short-exposure spectra were normalized to Hβ = 100 (blue spectra) and Hα = 303 (red spectra -Hα/Hβ ratio is from the total nebular fluxes found from the HST images, and listed in Section 1). In the long-exposure spectra, the strongest lines are saturated, so these spectra were normalized, using fluxes measured from the short exposures, to He I(λ4471) = 5.86, He I(λ6678) = 5.07 and H8 = 17.1 as appropriate.
The spectra were dereddened using the galactic extinction curve from Howarth (1983) , with c(H β) = 0.1, found by comparing the total nebular fluxes at Hα and Hβ found in Section 2.1 with those predicted by Storey & Hummer (1995 Table 4 gives the complete line list. All intensities were measure from the co-added long-exposure spectra, except for those lines which were saturated. In this case line intensities were from the co-added short spectra. Typical flux errors are estimated to be less than 5 per cent for F(λ) 2, 10 per cent for 0.5 F(λ) 2, 20 per cent for 0.2 F(λ) 0.5 and 30 per cent or higher for F(λ) 0.2.
IUE observations
NGC 6543 was observed several times by the International Ultraviolet Explorer (IUE) satellite. For this study, large-aperture observations SWP01897 and LWR01761 were used. Both observations are 240-s exposures centred on the nebular core, with the large aperture at position angle 63.
• 6. The large aperture of the IUE is smaller than the nebula. By superimposing the 10 × 20 arcsec 2 aperture on to the [O III]λ5007 HST image of NGC 6543, the fraction of the nebular flux caught by the aperture is found to be 0.590 of the total. Therefore the measured fluxes have been corrected by a factor of 1.694. They have been normalized to Hβ = 100 using log F(Hβ) = −9.57, as found in Section 2.1, and corrected for extinction, using Howarth's (1983) law with c(Hβ) = 0.10. Four lines have been identified and measured, due to C IV, He II, Si II and C III], and are listed in Table 5 .
ISO Short Wave Spectrometer (SWS) observations
There are many observations of NGC 6543 in the Infrared Space Observatory (ISO) archive. For this study data set 85300301 was used, as for this the position angle of the ISO aperture (93
• ) was close to the major axis of the nebula, thus capturing the highest possible nebular flux. The exposure time was 1788 s. The size of the aperture depends on the wavelength observed, and as with the IUE apertures, the correction factor to be applied was found by superimposing apertures on to the [O III]λ5007 HST image of NGC 6453. Measured fluxes were normalized to Hβ = 100 using log F(Hβ) = −9.57, from Section 2.1, and dereddened using the extinction curve from Howarth (1983) with c(Hβ) = 0.1. Twelve lines were identified and measured, and their fluxes are given in Table 6 .
ISO Long Wave Spectrometer (LWS) observations
The ISO LWS line fluxes in Table 7 are taken from Liu et al. (2001b) . They have been normalized to log F(Hβ) = −9.57, and dereddened using Howarth's (1983) law, with c(Hβ) = 0.1.
N E B U L A R A NA LY S I S
Electron temperatures and densities
The electron temperatures and densities of NGC 6543, measured from various CEL diagnostic line ratios, are given in Table 8 . We adopt T e = 8000 K and log N e = 3.65 as representative nebular temperatures and densities for our subsequent abundance analyses.
The density implied by the [O III] 88 µm/52 µm ratio is lower than the others, at 1450 cm −3 . This implies that density fluctuations may be present within the nebula: these lines have low critical densities at 500 and 3500 cm −3 , respectively, and thus would be suppressed in higher-density regions. Similar results have been found for other nebulae, e.g. NGC 6153 (Liu et al. 2000; Liu et al. 2001b ). The very high value given by the Ne III fine-structure lines may be caused by quite a moderate error in the line ratio. If it were 10 per cent lower, the agreement would be much better.
The derived temperatures are insensitive to the adopted density, except in the case of the ratios involving the [O III] 52-and 88-µm lines. In this case, the temperatures derived from both N e = 1450 and 4500 cm −3 are given in Table 8 . The [O III] temperature derived from the λ5007/λ4363 ratio, using the λ5007 flux derived in Section 2.3, is 8040 K. Taking into account the possible errors in the HST flux calibration and the measurement errors on the λ4363 line, the errors on this value are ±∼200 K. The λ4959/λ4363 ratio gives (7940 ± 25) K.
The temperature implied by the [O II] and [N II] nebular-to-auroral transition ratios may be elevated by recombination excitation of the [O II] λλ(7320+7330) and [N II] λ5754 lines. The contribution of recombination to the line fluxes has been calculated using equations (1) and (2) from Liu et al. (2000) . Assuming the N 2+ /H + abundance to be that given by CELs (see Section 4.2), the recombination contribution to the N II λ5754 line amounts to 17 per cent of the total, and the resulting diagnostic ratio accounting for this yields a temperature of 9200 K. The slightly higher abundance given by ORLs gives a recombination contribution of 25 per cent, which reduces the temperature further to 8950 K. For the [O II] (7320+7330)/3727 ratio, the contribution to the (7320+7330) flux from recombination derived using CEL abundances is 17 per cent of the total, giving a revised temperature of 11 300 K. Using the ORL abundance gives a contribution of 36 per cent and a temperature of 9500 K. These temperatures are still rather higher than those yielded by the other diagnostics, and may imply that emission from these ions come preferentially from the hotter regions nearer the central star or towards the edge of the core of the nebula. The ratio of the continuum emission Balmer discontinuity at 3646 Å to a given hydrogen emission line depends on temperature. Following Liu et al. (2001a) we use the ratio BJ/H11 to determine the temperature, to reduce the uncertainty in the result due to any possible errors in reddening correction and flux calibration. Defining BJ as I c (3643 Å)−I c (3681 Å), and taking emissivities of H I The strengths of high-order Balmer lines relative to Hβ are sensitive to N e . Fig. 7 shows their observed intensities, compared to theoretical values from Storey & Hummer (1995) , plotted as curves for electron densities from 10 2 to 10 6 , assuming a temperature of 8000 K. The observed strengths indicate a low density, ∼1000 cm −3 . The errors on this value are rather large as at low densities the Balmer decrement becomes less sensitive to density, so this value is not inconsistent with the ∼4500 cm −3 derived from the CEL density diagnostics. Fig. 7 shows that there is no evidence for high-density clumps within NGC 6543. Such clumps could exist, however, if they were hydrogen-deficient.
Ionic abundances from CELs
Using collision strengths and transition probabilities from the references listed in Table 9 , abundances implied by collisionally excited lines have been calculated, using a temperature of 8000 K and a density of N e = 4500 cm 3 . The results are presented in Table 10 . Keenan, Feibelman & Berrington (1992) , Fleming et al. (1996 ) Keenan, Feibelman & Berrington (1992 
Ionic abundances from ORLs
He
No lines due to He 2+ were seen in the spectrum of NGC 6543, and therefore the total helium abundance is given by the He + /H + abundance. This was found by averaging the He + /H + abundances from the λ4471, λ5876 and λ6678 lines averaged with weights of 1:3:1 (Table 11) . Effective recombination coefficients were taken from Brocklehurst (1972) . Case A was assumed for the λ4471 and λ5876 triplets, and case B for the λ6678 singlet. Collisional effects were taken into account using the formulae derived by Kingdon & Ferland (1995a) , and at the temperature and density adopted amount to 1.3, 3.8 and 1.9 per cent of the λ4471, λ5876 and λ6678 lines, respectively. The abundances derived from the λ4471 and λ5876 lines are in very good agreement, but the λ6678 abundance is lower by 5 per cent. A similar phenomenon was noted in the case of NGC 6153 (Liu et al. 2000) and M 1-42 and M 2-36 (Liu et al. 2001a) , and was attributed by Liu et al. (2001a) to the destruction of He I Lyman photons by dust grains or photoionization of neutral hydrogen, leading to an effective departure from pure case B recombination. Another possibility is that the He I lines arise from colder regions, as predicted by two-abundance models (Liu 2003 ). This will be further discussed in Section 5.3. More recent calculations for He I have been carried out by Smits (1996) . The difference between Smits' coefficients and those of Brocklehurst is very small (∼2 per cent), but using the more recent data brings the abundances found from the three lines into slightly better agreement. The mean abundance from both sets of coefficients is the same.
The observed intensities of the He I lines relative to λ4471 are compared to theoretical values from Brocklehurst (1972) and Smits (1996) 1 S-np 1 P o series. The 2p 3 P o -ns 3 S series is enhanced relative to predictions by self-absorption in the 2s 3 S-np 3 P o series. The λ3889 line in the latter series is blended with H8; its flux is derived by using the theoretical H8/H7 ratio from Storey & Hummer (1995) to determine the relative contributions of H8 and He I λ3889 to the line flux.
C
2+ /H + C 2+ /H + abundances derived from all C II lines seen in our spectra are presented in Table 13 . Effective recombination coefficients were taken from Davey et al. (2000) . Multiplet V3 recombination coefficients are extremely case-sensitive, yielding abundances 20 times higher when assuming case A than case B. Comparison with the abundances derived from the case-insensitive V6 multiplet implies that case B is a good approximation. Similarly for multiplet V4, for which derived abundances are a factor of three higher in case A than case B, comparison with case-insensitive results implies that case B is the best approximation.
It has been suggested in the past (e.g. Barker 1982 ) that some unknown mechanism might enhance the strength of the λ4267 line, leading to overestimated carbon abundances from ORLs. We detect two high-excitation lines from the 4f-ng series which feeds the λ4267 line, λ6462 (n = 6) and λ5342 (n = 7), and find that their strengths relative to λ4267 are in good agreement with the predictions of recombination theory, suggesting that no unknown process in addition to recombination is populating the 4f 2 F o level and giving rise to an erroneously high value of C 2+ /H + . Because of its high signal-to-noise ratio and case-insensitivity, we adopt C 2+ /H + from λ4267 only. Table 14 . Effective recombination coefficients are taken from Escalante & Victor (1990) . More recent calculations of effective recombination coefficients are available from Kisielius, Storey & Davey (2002) . However, these do not include calculations for 3d-4f transitions, and therefore we derive abundances for all lines using the Escalante & Victor coefficients. The strongest multiplet, V3, is insensitive to case, as are the 3d-4f transitions. Multiplets V5, V20 and V28 are extremely case-sensitive. Comparison with abundances derived from caseinsensitive transitions indicates that case B is a good approximation. The final abundance of (5.49 ± 0.71) × 10 −4 is derived from the mean of the individual 3-3 multiplet values and the co-added 3d-4f transitions. Table 15 . Case A was assumed for doublets and case B for quartets. Of the multiplets observed only V19 is highly case-sensitive, and comparison of abundances with those derived from case-insensitive transitions show that case B is a good approximation in this case. Abundances agree fairly well between multiplets, except for V19 and V20. In the case of V19, as seen before in NGC 7009 (Liu et al. 1995) and NGC 6153 (Liu et al. 2000) , the λ4156.53 line is too strong compared to other members of the multiplet. λ4129.32 is also too strong. Not including these two lines the multiplet gives an abundance of 2.156 × 10 −3 , still rather higher than the other multiplets. The multiplet is case-sensitive, but assuming case A would only raise the abundance considerably.
O
From the average of the abundances derived from individual 3-3 multiplets and the co-added 3d-4f transitions we adopt an O 2+ /H + abundance of (1.66 ± 0.19) × 10 −3 .
Ne 2+ /H
+ Ne II ORLs from multiplet V1 and several 3d-4f transitions are seen in the spectrum of NGC 6543. Abundances derived from them are shown in Table 16 . The mean abundance from multiplet V1 is 3.94 × 10 −4 , which is nearly a factor of two lower than the mean abundance from the 3d-4f transitions, 6.66 × 10 −4 . Observations of M 1-42, M 2-36 (Liu et al. 2001) , NGC 7009 (Luo et al. 2001 ) and NGC 6153 (Liu et al. 2000) all reveal the same phenomenon. The discrepancy may be caused by the 3 P 2,1,0 level populations departing from what would be expected in thermal equilibrium, giving rise to uncertainty in the effective recombination coefficients of the 3d-4f transitions. Given this possible uncertainty we adopt Ne 2+ /H + = 3.94 × 10 −4 , from the V1 multiplet only. Péquignot, Petitjean & Boisson (1991) for the lines at λ4379 and λ4641, and abundances derived from them are shown in Table 17 . Neither line is sensitive to optical depth effects, the recombination coefficient varying by less than 1 per cent between case A and case B. However, λ4641 may be affected by continuum fluorescence (Ferland 1992) , and the abundance derived from it is 50 per cent higher than that from the λ4379 line. Therefore, we adopt the N 3+ abundance as that from the λ4379 line only, i.e. 1.10 × 10 −4 . Our final adopted ORL abundances are listed in Table 18 .
Total elemental abundances
Total elemental abundances were determined using the ionization correction scheme of Kingsburgh & Barlow (1994 Table 19 .
D I S C U S S I O N
Comparison of ORL and CEL abundances and the role of temperature fluctuations
We find that for NGC 6543, ORL abundances are higher than CEL abundances by a factor of approximately 2.5. The discrepancy is similar for all elements, so that elemental ratios are almost the same whether derived from ORLs or CELs. Previously, Kingsburgh, López & Peimbert (1996) found that (O 2+ /H + ) ORL /(O 2+ /H + ) CEL = 3.8, slightly higher than our value of 3.0. By assuming that this discrepancy was caused by temperature fluctuations they derived a value of t 2 of 0.057. These results were based on echelle spectra of a region centred on the central star. Dinerstein, Lester & Werner (1985) measured temperature fluctuations within NGC 6543 from infrared observations. By comparing temperatures measured from the [O III] 4363 Å/5007 Å and 5007 Å/52 µm line ratios, they derived a value of 0.126 for t 2 , implying temperature fluctuations of some 35 per cent. Later analysis with better data gave T e (5007 Å, 52 µm) ≡ T e (5007 Å, 4363 Å), implying that temperature fluctuations were very small (Dinerstein et al. 1995) .
To bring our O 2+ /H + abundances derived from CELs into line with those derived from ORLs, an average temperature T 0 and t 2 of 5950 K and 0.053 would be necessary. The equation
from Peimbert (1967) would then predict a Balmer jump temperature of 5400 K, some 4000 K lower than the observed value.
Our integrated spectrum gives a T [O III] and T BJ which are nearly equal, implying that temperature fluctuations in the nebula are small. Also, abundances measured from infrared CELs are similar to those derived from optical CELs. As infrared fine-structure transitions have low excitation energies, abundances derived from them should be insensitive to temperature fluctuations at the prevailing temperatures in NGC 6543, and therefore if temperature fluctuations alone were responsible for the abundance discrepancies, IR CELs should give similar abundances to ORLs. In fact, where abundances can be determined from both optical and IR CELs, we find that the IR CELs yield abundances similar to or only slightly higher than the optical CELs. In the case of O 2+ , IR CELs yield an abundance 33 per cent higher than optical CELs, while ORLs give an abundance three times higher. Analysis of the HST images of NGC 6543 indicates that t 2 A has values below 0.005 in the brighter regions. This analysis does not address the issue of temperature fluctuations along the line of sight, which will inevitably exist and will mean that the value of t 2 V is higher than that of t 2 A measured for areas which already consist of a spatially averaged temperature along the line of sight. Therefore, the current data cannot rule out a value of t 2 V high enough to reconcile the ORL and CEL elemental abundances. However, the low values of t 2 A together with the agreement between T [O III] and T BJ , and the fair agreement between abundances derived from IR and optical CELs, imply that temperature fluctuations alone cannot explain the observed abundance discrepancy in NGC 6543.
Density fluctuations
Viegas & Clegg showed that high-density condensations ( 10 6 cm −3 ) within a nebula could lead to overestimated O III temperatures, due to collisional quenching of the λλ4959, 5007 lines, which have a critical density of 6.9 × 10 5 cm −3 . The λ4363 line has a higher critical density of 2.5 × 10 7 cm −3 and would thus be much less affected. The measured value of T e ([O III]) would thus be too high, leading to underestimated CEL abundances. As mentioned in Section 4.1, however, the high-order Balmer lines are sensitive indicators of high-density ionized regions, and in this case their observed relative intensities imply a low density throughout the nebula.
High-density condensations could still exist if they were also hydrogen-deficient. However, the observed relative intensities of O II V1 multiplet components may also argue against high-density clumps. The lines at λ4638.86 and λ4650.84 are enhanced relative to the other members of the multiplet, a phenomenon also observed in H II regions by Tsamis et al. (2003) . They propose that the effect may be explained by the populations of the O 2+ 3 P 0,1,2 level populations departing from the thermal equilibrium values. This situation could arise if the electron density of the nebula is lower than the critical densities of either of the 3 P 1,2 levels (500 and 3500 cm −3 ). Tsamis et al. (2004) find that in their analysis of 15 Galactic and Magellanic Cloud planetary nebulae, those with the highest densities from standard diagnostics show the best agreement with theory of the V1 multiplet intensities, with discrepancies seen most prominently in low-density objects. Ruiz et al. (2003) give an empirical equation relating I(4649.13)/I(V1) to electron density, and the observed value of 0.329 in NGC 6543 implies a density of 4380 cm −3 . Thus the evidence is against the presence of regions of very high density in NGC 6543, and suggests that the ORLs arise from regions with densities comparable to the 4500 cm −3 derived from CEL diagnostics. Liu et al. (2000) showed that the abundance and temperature discrepancies observed in NGC 6153 could not be adequately accounted for by temperature or density fluctuations, but could be resolved if the nebula were to contain some hydrogen-deficient material at very low temperatures. Could NGC 6543 also contain a cold hydrogendeficient component? Evidence for cold H-deficient material can be found spectroscopically using the weak temperature dependence of He I and O II ORLs. If cold ionized material is present, one would expect to find that (Liu 2003) 
Evidence for metal-rich inclusions
T e (He I) can be measured from the line ratios λ5876/λ4471 and λ6678/λ4471. λ5876/λ4471 varies from ∼3.5 at 5000 K to ∼2.5 at 20 000 K, while λ6678/λ4471 varies from ∼0.9 to ∼0.6 over the same range (Smits 1996) . λ5876/λ4471 has an observed value of 2.914, giving a temperature of 5400 K, while λ6678/λ4471 has an observed value of 0.785, corresponding to a temperature of 7500 K. Averaging these two temperatures gives T e (He I) = 6450 K. The ratio of the O II lines at λ4649 and λ4089 varies from approximately 2 to 6 over the temperature range 1000-20 000 K (Storey 1994; Liu et al. 1995) . These lines are the highest J-value quartet transitions from the 3d-4f and 3s-3p configurations, respectively. Their emission can only be produced by recombination from the 2p 2 3 P 2 level of O 2+ and so the temperature derived from them is insensitive to the density effects on O II line ratios mentioned previously. The observed ratio of these lines is 3.70, giving T e (O II) = 4800 K. The error on this value is of the order of ±2500 K, due to the weakness of the lines involved. None the less it seems that the relation between the various temperatures is in line with what would be expected if cold H-deficient material is present within the nebula.
The origin and nature of the H-deficient material are as yet uncertain. Ejection of processed material from the central star is one possibility, but in this case heavy element abundance ratios are similar whether derived from ORLs or CELs, and no known nucleosynthetic processes can produce hydrogen-deficient material while retaining the original C/O, N/O and Ne/O ratios. Another possibility is the suggestion by Liu (2003) that H-deficient inclusions could come from the evaporation of planetary systems around the progenitor star of the planetary nebula. The postulated H-deficient inclusions would contain only a few Jupiter masses, and thus this scenario is quite plausible. The destruction of a planetary system within the nebula has also been suggested as a possible explanation for the complex morphological structure of NGC 6543. The HST images of NGC 6543 show the presence of jets and ansae, and Soker (1996) has suggested that such structure could arise from the destruction of a brown dwarf or massive planets inside the envelopes of asymptotic giant branch stars. Thus the destruction of a planetary system within NGC 6543 could provide an explanation for both the observed abundances and the observed morphology.
AC K N OW L E D G M E N T S
RW acknowledges the support of a PPARC research studentship.
